The latent heat of fusion, L of the cryobiological media (a solute laden aqueous solution) is a crucial parameter in the cryopreservation process and has often been approximated to that of pure water (~ 335 mJ/mg). This study experimentally determines the magnitude and dynamics of latent heat during freezing of fourteen different prenucleated solute laden aqueous systems using a Differential Scanning Calorimeter (DSCPyris 1). These solutions include: NaCl-H 2 O, Phosphate Buffered Saline (PBS), serum free cell culture media (RPMI), glycerol and Anti Freeze Protein (AFP) in 1x PBS solutions. The latent heat of the solutions studied is found to be significantly less than that of pure water and is dependent on both the 'amount' and 'type' of solutes (or solids) in solution. DSC experiments are also performed at 1, 5 and 20 ˚C/min in five representative cryobiological media to determine the kinetics of ice crystallization. The total magnitude of the latent heat release, L is found to be independent of the cooling rate. However, the experimental data shows that at a fixed temperature, the fraction of heat released at higher cooling rates (5 and 20 ˚C/min) is lower than at 1 ˚C/min for all the solutions studied. We present a model to predict the experimentally measured behavior based on the full set of heat and mass transport equations during the freezing process in a DSC sample pan.
Introduction
The impetus for study of cryoprotective solutions (solute laden aqueous systems) has been to optimize the preservation of various biological systems. Examples include: blood cell elements for transfusion, pancreatic islets, corneas, tissue and cell cultures for banks semen for artificial insemination [1, 2] . The remarkable success in some systems (blood cell elements, cell cultures, etc) and the remarkable failure or inadequacy of cryopreservation in other systems (hepatocytes, tissue sections, mammalian sperm, etc) has led to much fundamental work on freezing effects within various biological systems as well as work to understand the basic aspects of how certain chemical compounds (cryoprotective media or solute laden aqueous solutions) serve to protect cells against undue freezing injury. The following basic/fundamental aspects of freezing solutions have been studied, ice nucleation temperatures [3, 4] ; curves of homogenous nucleation temperatures as a function of solute concentration [5, 6] ; and intracellular ice nucleation [7, 8] . In addition, the conditions for obtaining a wholly amorphous state by avoiding ice nucleation itself have also been investigated [9] . It is also widely reported in literature that the amount of 'freezable' water (or water that changes phase during freezing) is less than the total water content, by an amount denoted as the 'bound' or 'unfreezable' water [3, [10] [11] [12] . The concept of bound water suggests that the latent heat of fusion of the cryoprotective solution is less than that of pure water, as measured and reported for glycerol solutions [6] , phosphate buffer saline solutions [13] and also in NaCl and proline solutions [14] . However, the latent heat of fusion of the cryoprotective solution, a crucial variable in the cryopreservation process, is often approximated to that of pure water (~335 mJ/mg). Clearly, the nature (magnitude and dynamics) of the latent heat of fusion of several commonly used cryobiological solutions needs to be determined to further our understanding of the freezing process in cryobiology.
The Differential Scanning Calorimeter (DSC) is an instrument that measures heat releases during a phase change process as a function of time and temperature. This instrument is ideally suited for a variety of measurements of the state of water (particularly liquid to solid phase changes) in biological systems and cryoprotective solutions or solute laden aqueous systems [2, 6, 8, 9, [13] [14] [15] [16] [17] . In the experimental portion of the present study the latent heat of fusion during freezing of various pre-nucleated solute laden aqueous systems is measured using a Differential Scanning Calorimeter (DSC-Pyris 1) at a cooling rate of 5 ˚C/min. These solutions include: NaCl-H 2 O, Phosphate Buffered Saline (PBS), serum free cell culture media (RPMI), glycerol and Anti Freeze Protein (AFP) in 1x PBS solutions. The latent heat of the fourteen different solutions studied is found to be less than that of pure water (~335 mJ/mg) and ranged from 260.0 (±5.0) mJ/mg for 1x (isotonic or 0.3M) NaCl-H 2 O solution to 133.0 (±5.0) mJ/mg for 1M glycerol in 1x PBS.
Additionally, the dynamics or the temperature (T) and time (t) dependence of the latent heat release is obtained in five commonly used cryobiological media (1x NaCl-H 2 O, 10x NaCl-H 2 O, 1x PBS, 5x PBS and 10x PBS solutions) by performing DSC experiments at 1 and 20 ˚C/min. The measured temperature/time dependence in the DSC measured heat release is probably due to the rejection of solute (salt) particles during freezing and the consequent reduction of velocity in the liquid-solid interface [18] [19] [20] [21] [22] [23] [24] [25] .
An examination of published literature on solidification processes reveals that the temperature (T) and time (t) dependence of the latent heat release can be modeled using one of two approaches: 1. models of diffusion limited ice crystal growth and 2. heat and mass transfer formulations. The experimental results and models of diffusion limited ice crystal growth (under isothermal as well as non-isothermal conditions) have been published by several investigators [26] [27] [28] [29] [30] [31] [32] [33] [34] . In addition, Boutron [9] showed that a model including the interaction of the growing spherical crystals (modeled using Avrami kinetics as detailed in Christian, [35] ) can be used to characterize the crystallization kinetics in aqueous solutions.
Recently, Smith et al. [36] presented a purely empirical fit to the measured temperature/time dependence of the latent heat release while Devireddy [37] presented a formulation based on Avrami kinetics to predict the experimentally determined ice crystallization kinetics 1 .
The heat and mass transfer model presented in the numerical portion of the present study (to predict the measured temperature and time dependence in the latent heat release) is similar to other studies reported in the literature, including Levin [38, 39] , O'Callaghan and Cravalho [40, 41] and Körber [42] . Levin [38, 39] presented an analysis of unidirectional (planar) freezing of finite domain aqueous solutions and showed that non-uniform concentration profiles can exist within the liquid region. Levin [39] also found that under certain conditions the solidification process may be limited by mass transfer (solute diffusion away from the interface) conditions rather than heat transfer (removal of sensible 1 Briefly, the model developed by Devireddy [37] assumed, and latent heat) conditions. The present study also finds that during freezing of a binary solution in a DSC sample pan the time/temperature dependence of the volume of frozen region is determined by mass transfer considerations (the solute rejection and diffusion at the interface) rather than heat transfer considerations.
Materials and Methods

Aqueous Solutions -Biological Media
The experiments were conducted using a DSC-Pyris 1 machine (Perkin-Elmer Corporation, Newark, CT). The temperature scale of the instrument was calibrated by the melting point of pure ice (273.15K or 0˚C) and indium (156.7˚C for 99.9% purity), while the enthalpy scale was based on the heat of fusion of pure ice (335 mJ/mg), as described earlier in Devireddy et al. [43] . The latent heat of fusion during freezing was obtained using the DSC in the following solute laden solutions: i) 1x (isotonic or 0.3M) and 10x 
Differential Scanning Calorimeter (DSC) Experiments
The DSC experiments were conducted by placing approximately 9 to 10 mg of each solution in a standard aluminum DSC sample pan (Perkin-Elmer Corporation, Norwalk, CT). The sample was cooled at 5 ˚C/min from 4 ˚C, until ice nucleated in the solution, typically between -6 to -12 ˚C (observed as a sharp negative peak on the DSC thermogram). The sample was then re-equilibrated at the phase change temperature (based on the initial osmolality of the solution, i.e. T ph0 =273.15-1.858•Osm,K) for ~3-5 minutes. Isothermal equilibrium at the phase change temperature, T ph0 will permit the ice crystals to exist but not grow into ice crystals. The pre-nucleated sample was then cooled at 5 ˚C/min to -50 ˚C, to obtain the magnitude and the temperature dependence of the heat release (i.e. the thermogram). In the case of 1x NaCl-H 2 O, 10x NaCl-H 2 O, 1x PBS, 5x PBS and 10x
PBS solutions, experiments were also conducted at two additional cooling rates of 1 and 20 ˚C/min 2 . The integrated area under the DSC thermograms (assumed to correspond to the latent heat of fusion) was obtained using the DSC-Pyris 1 (Perkin-Elmer Corporation, Norwalk, CT) software either with a sigmoidal or a linear baseline, as shown in Fig. 1 (as described in the DSC manual). The choice of the baseline influences the integrated area under the thermogram (i.e. the measured value of latent heat). Although more accurate baseline selections are reported in the literature [44] , the simpler sigmoidal and linear baselines were used in this study because of their ease of use and their ability to quickly and reproducibly show the important trends in the data ( Table 1 ). The sigmoidal baseline was drawn between the phase change temperature and ~-22˚C while the linear baseline was drawn between the phase change temperature and ~-40˚C, as described in the DSC-Pyris 1 manual ( Table 1 ). As shown in Fig. 1 , we found that ≥97% of the latent heat is released between the phase change temperature, T ph0 and ~-14 and ~-18 and ~-22 ˚C when cooled at 1, 5 and 20 ˚C/min, respectively. Therefore, the temperature and time dependence of the latent heat release was obtained using a sigmoidal baseline drawn between the phase change temperature, T ph0 and ~-14 and ~-18 and ~-22 ˚C for the three cooling rates studied. Six separate DSC experiments were performed with each solution for each cooling rate studied.
Estimation of Dissolved Solids
The solute weight fraction in various solutions was obtained by measuring the difference in weight between a hydrated and a fully dehydrated solution. A known quantity of solution (10 to 15 mg) was placed in an oven at 50 to 60˚C for 3 days to dehydrate it and precipitate the dissolved solids. The weight of the initially dissolved solids in the solution was measured on a Mettler balance. Although the humidity of the environment (including the oven) in which the solutions were placed was not controlled, the close agreement between the expected and the measured amount of dissolved solids in the 1x, 5x and 10x PBS solutions (Table 1) , lends credence to the measured % (wt basis) of dissolved solids in the glycerol solutions. As a further test, the amount of dissolved solids in 10x PBS and 1M glycerol in 1x PBS solutions after heating in the oven was measured in the presence of a desiccant (Drierite or 100% Calcium Sulfate; Hammond 2 The higher cooling rate of 20 ˚C/min is within the range of cooling rates (< 40 ˚C/min) to which the DSC can accurately reproduce heat release signatures. We found that for cooling rates greater than 40 C/min the DSC heat release measurement spreads out and increases in amount [43] . This inaccuracy could be due to the limitation of the rate at which the phase change process proceeds due to ice crystal growth, as well as the non-linearity of the resistance within the instrument [43] .
Drierite, Xenia, OH) and was found to be within ±0.1% of the value obtained in the absence of a desiccant. Assuming these samples as a worst case, it is thus suggested that the environmental humidity had a negligible effect (±0.1%) on the measured values of the dissolved solids in the various aqueous solutions. A set of 6 samples were used for each solution to determine the weight of dissolved solids.
A Model of Freezing of a Binary Salt Solution in a Small Container
As stated earlier, DSC experiments were conducted at three different cooling rates (1, 5 and 20 ˚C/min) for five different solutions (1x NaCl-H 2 O, 10x NaCl-H 2 O, 1x PBS, 5x
PBS and 10x PBS solutions). The total magnitude of the latent heat release was found to be statistically constant (a variation of less than 2% in the measured value) for a given solution at the three cooling rates studied. However, there was a difference in the temperature and time dependence to the measured value of the latent heat release. We hypothesized that this temperature and time dependence was due to the solute diffusion limitations at the advancing solid front, which we attempted to model as described below.
The Full System: Growth of Spherical Nuclei
To theoretically study the freezing of a binary salt solution in a small container (a DSC sample pan) we consider a heat and mass diffusion model. We assume: 1) A set of identical spherical ice crystals are present initially, and ice grows spherically from these crystals upon further cooling. The choice of spherical ice crystal growth is made because the growth of spherulites during ice crystallization in aqueous solutions (>10M solutions) has been previously observed using an optical-DSC set up [30, 45] . We note that cylindrical or planar ice crystal growth geometries may also be considered in the context of our model. While the choice of geometry does not alter our conclusions regarding the roles of heat and mass transport, it does impact the definition of model parameters, ε i and ν 2 defined in Eqns (13) and (14), respectively. 2) Moreover, we will suppose the size and number of the ice crystals depends on the initial concentration of solutes in the specimen, c o . This assumption is based on data obtained in our laboratory (Fig. 2) . Fig. 2 also shows that the ice crystals are 'closed' shapes suggesting either a cylindrical or spherical ice crystal growth geometry. 3) There is no interaction among the growing ice crystals, so each ice crystal grows in its own 'pool' of liquid. This assumption allows us to model the behavior of an ensemble of ice crystals by looking at a single ice crystal. This assumption will break down in the late stages of solidification when the normalized frozen fraction nears one and there is significant interaction among the ice crystals; however, it is a reasonable way of finding the early time behavior of the latent heat release as a function of subzero temperature.
Based on these assumptions, we establish the following mathematical model. Let R(t) be the radius of the spherical ice crystals (freezing front) at time t. Let R be the maximum outer radius of the spherical ice crystal. That is R sets a characteristic volume of solution that can be frozen during an experiment. R depends on the amount of seed (or initial) ice crystals present at the beginning of freezing, which in turn is dependent on the initial concentration of solutes (Fig. 2) . However, R is independent of time. Then the governing dimensional equations are,
where i = 1 denotes the frozen region, 0 ≤ r ≤ R(t) and i = 2 denotes the unfrozen region, R(t) ≤ r ≤ R ; α i , and D i denote the thermal and compositional diffusivities, respectively.
The boundary conditions at the freezing (solute) front boundary r = R(t) are:
T R t t T R t t T m c R t t ph
where T R t t T r t r R t 
[8]
We also set the concentration at the center of the ice crystal as,
[9]
Finally, the initial condition at time t = 0 in the DSC sample container as,
[10]
Assumptions and Nondimensalization
To simplify the model further, we make the following assumptions: 1) Solute diffusion in the ice is negligible, i.e. D 1 = 0; 2) The frozen region has completely rejected the solute, so c r t ( , ) = 0 for 0 ≤ r ≤ R(t). We note that we have included 'solute trapping' in our models, but unreasonably high amounts of trapping (> 80%) need to occur for our model simulations to be significantly affected (data not shown). Such high amounts of solute trapping was thought to be unlikely and therefore, solute trapping is not included in our model.
We then introduce the following dimensionless parameters: . We note that both c o and T ph0 are constants for a given experiment. We also comment that it would be possible to normalize temperature as,
2 , where T 2 is some arbitrarily chosen temperature (for example, we might pick T 2 = -22 ˚C or -40 ˚C, which are the end temperatures used to analyze the DSC thermograms). However, we found that the choice of nondimensionalization does not affect the results of the model in any way (data not shown).
The nondimensional system is now given by the following field equations (for simplicity we drop the primes on the nondimensional variables),
The boundary conditions can similarly be nondimensionalized. The nondimensional parameter ε i is denoted as the inverse heat transfer coefficient (and more traditionally, as the inverse Fourier number, 1 F o ),
while the nondimensional parameter ν 2 is denoted as the inverse mass transfer coefficient,
As ε i (ν 2 ) decreases, the effective rate of heat (mass) transport increases. Note also that these nondimensional parameters, hence effective transport rates, depend not only on the dimensional transport coefficients (α i , D 2 ), but also on the cooling rate (B), the characteristic system size ( R ) and the phase change temperature ( T ph0 ). As mentioned earlier, the dependence of ε i and ν 2 on R will change if cylindrical or spherical ice crystal growth geometries are assumed. More specifically, the quadratic dependence of ε i and ν 2 on R shown in Eqns. (13) and (14) will change to a linear dependence on R for cylindrical crystal geometry and be independent of R for planar growth geometries.
We next make a rough estimate of the nondimensional coefficients ε i and ν 2 . We take, based on Bird et al. [46] , the solute diffusivity in the liquid as D Recalling that ε i is an inverse heat transfer coefficient (inverse Fourier number) and noting that ε i << 1, we argue that the heat transfer occurs so rapidly that the temperature is constant throughout the system (in contrast to the solute diffusion). Alternatively, if the time dependent term in Eqn. (11) is set to zero, the solution to the resulting steady state equation consistent with the boundary conditions is T r t , ( ) = constant in r. Because, ε i << 1 (and also noting that the ratio that results from the nondimensionalization of Eqn. (4) is
) is finite; c l is the heat capacitance of the liquid, ~4100 J/kg K), one argues that to within the order of the approximation, Eqn. (4) is satisfied for any dR t dt ( ) . Physically, this implies that diffusion of solute away from the interface controls the motion of the interface as the diffusion of heat from the interface is very rapid.
Reduced System
We now consider the solution of the concentration problem in order to determine the kinetics of solute transport from the growing ice and how it regulates the growth of ice crystals. Solute diffusion is given by,
The appropriate boundary conditions are,
T R t t T M c R t t ph
where The solution for the temperature field is: T r t t ,
Using this temperature field in Eqn. (16), we find that c R t t t M
Also from Eqn. (18) the growth of the spherical ice crystals is now given by, 
Determination of the Inverse Compositional Diffusivity
The variation of ν 2 (the only variable in our model solution, Eqn. (25)), between the different solutions investigated should be responsible for the experimental temperature/time dependence in the DSC measured heat release (Fig. 4) Since the other variable, the cooling rate B is set by the experiment, we concluded that the variation in the measured experimental behavior must be due to variations in the characteristic system size, R .
If R is found to be dependent on the solute concentration then the heat and mass diffusion model described above might be used to predict the experimental data. Hence, we investigated the dependence of R on the initial concentration of solutes in the solution using a cryomicroscopy stage. Cryomicroscopy images were obtained using a cooling protocol similar to the one used in the DSC experiments, i.e. the sample was super cooled to nucleate ice and then re-equilibrated at the phase change temperature. A detailed description of the stage and the microscope is provided elsewhere [50] . The cryomicroscopy images (Fig. 2) clearly showed that there are larger but fewer ice crystals in the 1x PBS ( Fig. 2A) than in the 10x PBS solution (Fig. 2C) , with the number of ice crystals in 5x PBS being intermediate (Fig. 2B) . The images suggest that with an increase in initial solute concentration, the characteristic length scale decreases, i.e. R R R xPBS xPBS xPBS 10 5 1 < < ; hence, the ratio of surface area to volume also increases.
A simple stereological analysis was performed using NIH™ image analysis software (NIH, Bethesda, MD) to estimate the initial radius of the ice crystals, R( ) 0 at the phase change temperature ( T ph0 ). We found that the initial radius of the ice crystals are ~2.7 ± 0.1 and ~3.7 ± 0.05 times smaller in the 5x and 10x PBS solution than in the 1x PBS 3 The viscosity (µ) model used in the present study predicts a ten fold increase in the value of µ between 0˚C and -40 ˚C which correlates reasonably well with the measured values [47] . Other viscosity models [48, 49] also predict a similar increase over the temperature range of interest. solution, respectively. If one further assumes that R scales as the initial radius, R( ) 0 , then the value of R for 5x and 10x PBS should be lower by a factor of 2.7 and 3.7 times than the value of R for 1x PBS solution, respectively. The base value of ν 2 was obtained by fitting the numerical (FORTRAN) solution of Eqn. (20) to the experimental data for 1x
PBS at 1 ˚C/min using a least-square minimization technique, described in Bevington and
Robinson [51] (as shown in Fig. 4A ; the goodness of fit parameter, R 2 ~ 0.95; note that a value of R 2 =1, represents a perfect fit between the model simulation and the experimental data). The value of ν 2 for 1x PBS at higher cooling rates was proportionally increased as defined in Eqn. (14) . The value ofν 2 for 5x and 10x PBS solutions were obtained by scaling R as described above. The values of ν 2 for the various cases are shown in Table   2 4 .
Results
Magnitude of Latent Heat Release
The DSC measured heat releases readings, L, for the various aqueous solutions are shown in Table 1 . In general, there is a decrease in heat release as the amount of dissolved solids (solutes) increases. Table 1 shows that isotonic PBS has ~0.9% (by wt) of dissolved solids, which agrees with the expected value based on the isotonic osmolality of 0.285 mOsm (typically the % of dissolved solids is also noted on the bottle label). The dissolved solid fraction increases correspondingly at 5x and 10x PBS, to ~4.5 and ~9%, respectively. The predicted latent heat release based on the total water content for 1x PBS is ~332 mJ/mg, which is considerably higher than the measured value of ~304 mJ/mg (linear baseline) or ~250 mJ/mg (sigmoidal baseline). This decrease in latent heat release might either be due to the decrease in latent heat of water (at lower temperatures) or due to the presence of 'bound' water. By accounting for the temperature dependence of the latent heat release of water [4] , one finds that the measured value for 1x PBS solution should bẽ 315 mJ/mg. This strongly suggests that the measured decrease in the latent heat is due to the presence of 'bound' or 'unfreezable' water attached to dissolved solids in the aqueous solutions, in addition to the known temperature dependence of the latent heat release. 4 An examination of Eqn. 14 shows that the values for ν 2 in Table 2 can also be achieved by decreasing viscosity, µ (and consequently increasing diffusivity, D 2 ) as the concentration of initial solute increases.
However, a decrease in viscosity (or an increase in diffusivity, D 2 ) with increasing solute is contrary to published literature [47] [48] [49] . Therefore, the decrease in ν 2 with increasing concentration of solutes must be due to the reduction in R (as suggested by cryomicroscopy images shown in Fig. 2 ).
Other possible causes for this measured decrease in latent heat value are discussed further in the 'Discussion' section. Table 1 shows the DSC measured heat releases for various molarities (0.05M, 0.1M, 0.5M and 1M) of glycerol in 1x PBS. Note that an increase in molarity of glycerol (or an increase in dissolved solids) leads to a corresponding decrease in the DSC measured latent heat release. Although, the addition of AFPs in 1x PBS solution, did decrease the measured value of latent heat release, the effect of AFP was not as significant as that of glycerol (by considering the moles of solute in solution). Therefore, both the 'amount'
and 'type' of dissolved solids effect the latent heat of aqueous (solute laden) solutions.
This point is illustrated in Fig. 3 , which shows a comparison of the DSC measured heat releases (sigmoidal baseline values, Table 1 ) between the PBS solutions (1x, 5x and 10x) and glycerol (0.05M, 0.1M, 0.5M and 1.0M) in 1x PBS solutions. Fig. 3 shows that for solutions with ≥ 2% of initially dissolved solids (wt basis), there is ~10 to 15 % lower magnitude of heat release during freezing of the glycerol-PBS solutions ( ) in comparison to the PBS solutions without glycerol ( ). . This assumes that the latent heat released is independent of temperature. However, the inclusion of a temperature dependence for the latent heat release [4] did not significantly alter the model simulations (data not shown).
Temperature and Time Dependence of Latent Heat Release
Note that both the numerical simulations and the experimental data were normalized such that the fraction of latent heat released is 1 at T = -14 ˚C, -18 ˚C and -22 ˚C for 1, 5 and 20 C/min, respectively. These temperatures were chosen based on an analysis of the experimental DSC thermograms (as shown in Fig. 1 ), which showed that ≥97% of the latent heat is released between the phase change temperature, T ph0 and ~-14 and ~-18 and -22 ˚C when cooled at 1, 5 and 20 ˚C/min, respectively.
To illustrate the effect of the normalization temperature on the experimental and the numerical profile all the DSC thermograms were normalized to a temperature of -40 ˚C (these curves are shown in Fig. 5 ). As in Fig. 4, Figs. 5A , 5B and 5C show the temperature dependence of latent heat release from 1x PBS (0.3M), 5x PBS (1.5M) and 10x PBS (3.0M) solutions, respectively. In each figure the experimentally determined fraction of heat release at various sub-zero temperatures is shown: 1 ˚C/min ( ); 5 ˚C/min ( ) and; 20 ˚C/min ( ). A comparison of Fig. 4 and Fig. 5 shows that the normalization temperature changes the shape of both the experimental data and the numerical simulation.
The shape of the numerical simulation is more significantly affected for the 5x and 10x
PBS solutions than is the 1x PBS solution. More importantly, the model suggests that the latent heat is still being evolved at lower subzero temperatures than noted in the experimental results (as shown in Fig. 5 ).
One explanation of the above discrepancy is possibly due to our choice of diffusion coefficient (or the viscosity). A lower diffusion coefficient (or higher viscosity) will 'shut-off' of the evolution of the latent heat and result in a better fit between the experimental data and the model. However, we find that an inordinately large decrease (by a factor of 10 -10 ) in the value of the diffusion coefficient is needed to occur between the temperature range of 0 ˚C and -20 ˚C for this 'shut-off' effect to occur at a temperature comparable to the experimental data (~-20 ˚C). For the solutions studied, such a large decrease in the diffusion coefficient (or a large increase in viscosity) is unsupported by any published literature [47] [48] [49] . Therefore, we account for this lowering in the diffusion coefficient (and the 'shut-off') by normalizing the model simulations to experimentally determined temperatures (~-14 to -22 ˚C, based on the cooling rate; as plotted in Fig. 4 ).
This approach has also been used previously by Hayes et al. [52] .
By accounting for the presence of the dissolved solids (as shown in Table 1 ) and the temperature dependence of the latent heat release of water [4] , the model simulations shown in Fig. 4 can be used to compute the magnitude of latent heat release for the various solutions studied 5 . An analysis of the 1, 5 and 20 ˚C/min simulations for the three solutions studied showed that the model predicted magnitude of the latent heat release is 3
10.2 ± 12.5 mJ/mg (1x PBS; Fig. 4A ), ~290.0 ± 14.1 mJ/mg (5x PBS; Fig. 4B ) and 260.0 ± 6.3 mJ/mg (10x PBS; Fig. 4C ). Note that a similar analysis of simulations 5 Note that the model solution (Eqn. 25) is independent of the magnitude and the temperature dependence of the latent heat release.
shown in Fig. 5 was also performed to compute the magnitudes of the predicted latent heat release for the various solutions studied (as shown in Table 3 ).
A comparison of the predicted and measured latent heat release is shown in Fig. 6 . The experimentally measured values in Fig. 6 ( , sigmoidal baseline; o, linear baseline; shown in Table 1 ) are significantly lower (~30-50%) than the model predicted values ( ; computed using the simulations shown in Fig. 4) , with the exception of 1x PBS (where the model predicted value compares quite closely with the measured value obtained using the linear baseline). Several possible reasons for this discrepancy are described in the 'Discussion' section. However, it is important to note that the model predicted latent heat magnitude values show a trend that is similar to that observed in the experimental results (i.e., an increase in initial solutes causes a concomitant decrease in the predicted/measured latent heat value).
Both the experimental and model results ( Fig. 4 ; Fig. 5 ) show that the fraction of latent heat release shifts to lower subzero temperatures as the cooling rate increases. At a fixed subzero temperature, the experimentally determined fraction of heat release at higher cooling rates (5 and 20 ˚C/min) is lower than at 1˚ C/min, for all the solutions studied.
DSC experiments have confirmed that this result was not due to thermal lag in the instrument or machine limitations [43] . Rather, the higher cooling rate data can be explained by the scaling of the parameter ν 2 with the cooling rate, B (shown in Table 2 and Eqn. (14)). An increase in the value of ν 2 represents an effective decrease in the mass transport at the advancing solid/liquid front, because the time available to transport solute decreases. Hence solute 'stacks up' at the front, which shifts the freezing to lower temperatures and slows the rate of solidification.
In contrast, the effective mass transport increases as B decreases, so at a cooling rate of 1 ˚C/min the system moves toward a uniform composition profile. In Fig. 4A (or Fig.   5A ), the dashed line at the far left is the heat release profile obtained assuming uniform concentration of solute ahead of the freezing front. This dashed line is based on the phase diagram for the water-NaCl binary (0.3M) solution [52] and is called the 'phase diagram' curve for simplicity. Fig. 4A and Fig. 5A show that the experimental and simulation results ---> 0), there is no clear way to match the experimental data using the model for the 1 C/min rates in the 5x and 10x solutions. This suggests that there may be some physics in the system that the model is missing, such as a nonlinear relationship between temperature and osmolality in the phase diagram at high solute concentrations. In addition, due to the strong (quadratic) dependence of ν 2 on R (as defined in Eqn. 14), small variations in R cause significant changes in the model simulations and the fit. However, a small variation in ν 2 (~10%) does not cause a significant (<2%) variation in the normalized model simulations (data not shown). There is also the possibility of error in the measured data due to the limitations of the sigmoidal baseline [44; as shown in Fig. 6 ].
Interestingly, an examination of the experimental results in Fig. 4 ( Fig. 5) shows that the shape of the experimental curve is insensitive to initial concentration of solutes. That is, the experimental data are statistically equivalent for all the five solutions (NaCl and PBS) studied at a given cooling rate if they are plotted as a function of subzero temperature T T ph − 0 , or time t. Thus, the experimental curves seem to be merely shifts of one another with the shift reflecting the lowering of the phase change temperature due to the increased initial concentration of solutes.
Another important observation is that the temperature and time dependence of 1x NaCl-H 2 O and 10x NaCl-H 2 O is found to be statistically identical to the data presented for 1x and 10x PBS solutions respectively (data not shown). However, an eutectic heat release (~8 to 10% of total) was observed during thawing of the 1x NaCl-H 2 O and 10x
NaCl-H 2 O at ~ -21 ˚C at all the three thawing rates studied (1, 5, and 20 ˚C/min). No heat release associated with the eutectic was observed during warming of the other solutions studied (note that each solution was thawed at three different warming rates from -50 ˚C to 20 ˚C).
Discussion
Magnitude of Latent Heat Release
The value of latent heat release obtained in this study for the 14 different types of solute laden aqueous solutions is within the range of reported values in literature for a variety of biomaterials. Murase and Franks [13] report a value of ~275 to 250 mJ/mg during thawing at 5 ˚C/min of several different phosphate and sodium buffer solutions using a Differential Scanning Calorimeter (DSC-2) while Rasmussen et al. [14] also report similar values for solutions with NaCl and proline. Recently, Iijima [6] reported latent heat values (thawing at 10 ˚C/min) ranging from 29.3 to 218 mJ/mg for several concentrations of glycerol in solution ranging from 60% to 10% (% wt/v) using a DSC-7. Similarly, Vinson and Jahn [53] report that an increase in the pore-water salinity causes a decrease in the latent heat of fusion of coarse grained soil infused with saline. However, Defay and Sanfield [54] report that the latent heat value of aqueous solutions is unaffected by the addition of NaCl or CaCl 2 in solution based on the calculated values of latent heat (obtained using previously reported values of specific heats).
We believe that the measured reduction in latent heat release for solute laden aqueous solutions in comparison to pure water might occur by several different (but possibly linked) mechanisms: 1) temperature effects on the enthalpy change between the liquid and solid phase during supercooling, which reduces the latent heat of water, L, as previously measured [4] ; 2) the mass occupied by the solutes replaces 'freezable' water, which would otherwise change phase and release latent heat of fusion; 3) water may be bound to these solutes or dissolved solids in an 'unfreezable' form and thus will not participate in a bulk heat release, which may be influenced by many factors including: shell of hydration, heats of dissolution, solute redistribution, etc. [7, 10, 12, 55] ; and 4) possible entropic effects due to solute ordering of water prior to the phase change, which decreases both entropy and enthalpy in the liquid phase [56] .
An important application of the lower value of the latent heat of fusion of solute laden aqueous systems (vs. in pure water) is to increase the amount of solid phase (ice) formed during freezing of an aqueous (solute laden) system as compared to that in pure water, for a specified cooling load [57] . Further effects of lowering the latent heat value and also incorporating the temperature and time dependence of the latent heat release during a phase change (cryopreservation or cryosurgical) process are reported elsewhere [36] . We have previously reported that the heat release obtained during freezing of membrane intact cells is greater than that of heat released by the same sample with membrane compromised (or lysed) cells [43, 58, 59] . This is presumably due to the addition of intracellular components to the extracellular solution during the latter cooling run (i.e. with membrane compromised cells) which in turn reduces L. This decrease in the latent heat release might be an important reason as to why the amount of frozen region (cryolesion) is found to be larger with each successive freeze-thaw cycle during cryosurgery, as reported by several investigators, including Gage [60] , Gill et al. [61] and Stewart et al. [62] .
Dynamics of Latent Heat Release
The heat and mass transport model presented in this study is adequate to show that the measured temperature/time dependence to the latent heat release during freezing of a binary solution can be described by mass transfer limitations at the advancing ice front. By correlating the model to the experimental data, we have shown that the heat transfer occurs quickly enough so that the temperature gradients in the system are vanishingly small, and so the motion of the front is dominated by transfer of solute across it. This mass transfer can be described by a single dimensionless parameter, given by ν 2 in Eqn. (14) . The value of ν 2 includes the cooling rate and the characteristic system size ( R ) as well as the dimensional solute diffusivity ( D 2 ). By fitting the value of ν 2 to the experimental data for one case (1x PBS at 1 ˚C/min), we hoped to isolate the effects of the different contributions. For the 1x PBS solution, scaling ν 2 by the cooling rate alone gives reasonable agreement with the data at higher cooling rates of 5 and 20 ˚C/min (Fig. 4A ).
For the 5x PBS (and 5x NaCl-H 2 O) and 10x PBS (and 10x NaCl-H 2 O) solutions we found that the best way to understand the data is by reducing the system size ( R ) with increasing concentration of initial solutes in solution (and the associated cooling rate, B).
The reduction in the characteristic system size is probably associated with the ice nucleation phenomena in these solutions. Some support (although not conclusive) for the variation in the system size ( R ) with initial concentrations comes from the cryomicroscopy experiments (Fig. 2) . The use of cryomicroscopy images to model the behavior of solution in an enclosed container (DSC sample pan) is far from ideal; variations in the sample volume, surface characteristics of the container, temperature history, and so on, may all lead to significant differences in the size and distribution of the ice crystals between the cryomicroscope slide and the DSC sample pan. However, we note that our model simulations fit the experimental data reasonably accurately, if we scale the parameter R by the size or radius of ice crystals measured directly from the cryomicroscope images. Thus, for the purposes of the present study, the use of the cryomicroscope images was deemed to be reasonable. Other mechanisms, such as the temperature dependence of the solute diffusivity, 'solute trapping' and the temperature dependence of latent heat have been considered, but these effects were not significant enough to explain the experimental results (data not shown) 6 .
Possible improvements or modifications to the model include: 1) the inclusion of the interaction between the growing ice crystals [35, 48, 49, 63] . This would give better agreement between the model simulations and the experimental data at lower subzero temperatures, but will not significantly affect the conclusions of the present study; 2) the inclusion of nucleation models [64] [65] [66] to predict the initial size of the ice crystals or R( ) 0 ,
for an improved and accurate estimation of R ; and finally, 3) the inclusion of irregularly shaped initial ice crystals. In addition, the model also does not account for the formation of partial eutectides which might be occurring due to the high concentration of solutes at the advancing phase front and the effect of lattice orientation and anisotropic effects (resulting in preferred growth of ice crystals) or instabilities at the advancing ice front. Further improvements or modifications to the model (based on the above discussion) will be topics for future studies.
Conclusion
The latent heat of fusion during freezing of fourteen different pre-nucleated solute laden aqueous solutions (commonly used cryobiological media) was obtained using a Differential Table 3 ). Note that the discrepancy between the model predicted ( ) and the experimentally (either open or filled circles) measured values of latent heat release is probably due to a variety of causes including bound fraction, shells of hydration, entropic effects, etc., as described in the 'Discussion' section. The osmolality of the solutions (taken from Table 1 ) are shown on the y-axis while the magnitude of latent heat release is plotted on the y-axis. a The computed values were obtained using a temperature dependence of latent heat release [4] and also accounted for the expected decrease in the latent heat magnitude due to the presence of dissolved solids (i.e.
the mass occupied by the solutes replaces 'freezable' water).
